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The nonreceptor protein-tyrosine kinase c-Src is frequently
overexpressed and/or activated in a variety of cancers, including
those of the breast. Several heterologous binding partners of
c-Src have been shown to regulate its catalytic activity by reliev-
ing intramolecular autoinhibitory interactions. One such pro-
tein, p130Cas (Cas), is expressed at high levels in both breast
cancer cell lines and breast tumors, providing a potential mech-
anism for c-Src activation in breast cancers. The Cas-binding
protein BCAR3 (breast cancer antiestrogen resistance-3) is
expressed at high levels in invasive breast cancer cell lines, and
this molecule has previously been shown to coordinate with Cas
to increase c-Src activity in COS-1 cells. In this study, we show
for the first time using gain- and loss-of-function approaches
that BCAR3 regulates c-Src activity in the endogenous setting of
breast cancer cells. We further show that BCAR3 regulates the
interaction between Cas and c-Src, both qualitatively as well as
quantitatively. Finally, wepresent evidence that the coordinated
activity of these proteins contributes to breast cancer cell adhe-
sion signaling and spreading. Based on these data, we propose
that the c-Src/Cas/BCAR3 signaling axis is a prominent regula-
tor of c-Src activity, which in turn controls cell behaviors that
lead to aggressive and invasive breast tumor phenotypes.

In normal tissues, the nonreceptor tyrosine kinase c-Src
exists as a tightly regulated molecule that is responsible for
many cellular processes, including proliferation, adhesion,
migration, and invasion (1). This regulation is often lost in solid
tumors, including those of the breast, resulting in the transduc-
tion of signals that promote tumor progression (2). Interactions
between c-Src and other proteins play an important role in the
regulation of c-Src activity. Here, we investigate how altered
expression of the adapter molecule BCAR3 (breast cancer
antiestrogen resistance-3) coordinates with the c-Src-binding
protein p130Cas (Cas)3 to regulate c-Src activity and c-Src-me-
diated biological processes.

BCAR3 (also known as AND-34 and NSP2) is a member of
the novel Src homology 2 (SH2)-containing protein family (3)
and was first identified in a screen for genes whose overexpres-
sion conferred resistance to antiestrogens (4). BCAR3 contains
an SH2 domain and a guanine nucleotide exchange factor-like
domain with homology to the CDC25 family of guanine nucle-
otide exchange factors (3, 5). Studies directed toward under-
standing BCAR3-mediated antiestrogen resistance have impli-
cated the activities of Rac, phosphoinositide kinase-3, and
cyclin D1 in this process (6, 7). Additionally, BCAR3 appears to
promote an epithelial-mesenchymal transition in breast cancer
cells (7, 8). We have recently reported that loss of BCAR3 from
BT549 breast cancer cells disrupts epidermal growth factor-
induced migration and invasion, coincident with a decrease in
epidermal growth factor-induced tyrosine phosphorylation of
its binding partner, the adapter molecule Cas (9).
Cas, also known as BCAR1 (breast cancer antiestrogen resis-

tance-1), was initially identified as a highly tyrosine-phosphor-
ylated protein in v-Src- and v-Crk-transformed cells (10–12).
The carboxyl terminus of Cas contains not only the binding site
for BCAR3 (3, 13) but also a bipartite binding site for the SH2
and SH3 domains of c-Src (14). It is through this latter interac-
tion that Cas is able to relieve the autoinhibitory conformation
of c-Src and stimulate its catalytic activity (15–17). Co-overex-
pression of Cas and c-Src drives Cas into complex with c-Src,
leading to increased kinase activity (13, 15, 18–21). This in turn
leads to phosphorylation of a variety of substrates, including
Cas (18, 19). Tyrosine phosphorylation of Cas creates binding
sites for downstream signaling proteins that serve to activate
pathways important for cell proliferation, survival, and migra-
tion (22).
A number of breast cancer cell lines overexpress Cas and

c-Src, with more invasive and aggressive cell lines also overex-
pressing BCAR3 (7–9, 21).4 This provides a unique cellular
platform in which to study the integrated functions of these
three molecules. In this study, we show for the first time that
BCAR3 regulates c-Src activity and adhesion-dependent Cas
phosphorylation in breast cancer cells.We further demonstrate
that the coordinated activity of these proteins contributes to
breast cancer cell adhesion signaling and spreading. These data,
together with previous work from our group and others (6, 7, 9,
13, 23), support the idea that BCAR3 functions as an oncogenic
cofactor that utilizes Cas and c-Src to promotemore aggressive
and invasive breast tumor phenotypes.
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EXPERIMENTAL PROCEDURES

Cell Culture and Generation of MCF7 Clones Expressing Tet-
racycline-inducible BCAR3—COS-1 greenmonkey kidney cells
and BT549 breast cancer cell lines were obtained from Ameri-
can Type Tissue Culture (Manassas, VA) and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 �g/ml
streptomycin. Tetracycline-regulated MCF7 clones stably
expressing Myc-BCAR3-pTre2-Puro were generated by trans-
fecting plasmidDNA into “Tet-Off”MCF7 cells (Clontech) and
selecting with 0.75 �g/ml puromycin. Individual clones were
isolated, and regulated protein expression was verified by
immunoblot and immunofluorescence in the presence or
absence of 1–2 �g/ml doxycycline (Dox). Clones were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, 100�g/ml
streptomycin, 4 mM L-glutamine, 100 �g/ml G418, and 0.75
�g/ml puromycin. Cells were grown in the presence or absence
of 1–2�g/ml of Dox for experimental analysis. The c-Src inhib-
itor SU6656 was purchased from Sigma and used at 10 �M

where indicated.
Antibodies—Phosphotyrosine (Tyr(P)) monoclonal antibody

4G10 was purchased from Millipore (Billerica, MA). Myc
monoclonal antibody 9E10was obtained from theUniversity of
Virginia Lymphocyte Culture Center (Charlottesville, VA).
CasB and BCAR3 antibodies have been described previously (9,
24, 25). c-Src monoclonal antibody 2-17 was a gift of S. J. Par-
sons (University of Virginia, Charlottesville, VA). c-Src pY416
polyclonal antibody was purchased from Invitrogen. FLAGM2
affinity resin, FLAGM5monoclonal antibody, horseradish per-
oxidase-conjugated monoclonal �-actin antibody, and �-tubu-
lin monoclonal antibody were purchased from Sigma. Protein
G-PLUS-agarose was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Protein A-Sepharose was purchased from
Amersham Biosciences and HA.11 from Covance (Princeton,
NJ).
Plasmids—pRK5 constructs encoding the genes for full-

length Cas and the c-Src-binding deficient Cas (P642A, Y668F/
Y670F) have been described previously (21, 26), as have
pFLAG3-BCAR3, pCDNA3-FLAG2AB-paxillin, and pFLAG-
cortactin (15). pCDNA-c-Srcwas a generous gift of S. J. Parsons
(University of Virginia) (27).
Transfection, Immunoprecipitation, and Protein Expression—

Transient transfection of COS-1 cells was performed using
Superfect (Qiagen, Valencia, CA) according to themanufactur-
er’s specifications. Cells were lysed 24 h post-transfection in
modified radioimmunoprecipitation assay buffer (RIPA: 150
mM/liter NaCl, 50 mM Tris (pH 7.5), 1% IGEPAL CA-630, 0.5%
deoxycholate) supplemented with protease and phosphatase
inhibitors (100 �M leupeptin, 1 mM phenylmethylsulfonyl fluo-
ride, 0.15 unit/ml aprotinin, and 1 mM sodium orthovanadate).
Protein concentrations were determined using the bicincho-
ninic acid assay kit (Pierce). A BCAR3-specific small interfering
RNA (siRNA) (5�-AAAUCAACCGGACAGUUCU-3�) was
synthesized to target human but not murine BCAR3 (Dharma-
con, Lafayette, CO). ON-TARGETplus SMARTpool siRNAs
targeted to human BCAR3 were also purchased from Dharma-

con. BT549 cells were treated with 20 �M control nontargeting
siRNAs or BCAR3-specific siRNAs using Oligofectamine
(Invitrogen) transfection reagent, as described previously (28),
or the Lipofectamine RNAiMax (Invitrogen) reverse transfec-
tion method per the manufacturer’s specifications. Cells were
grown for 48–72 h before lysis in RIPA buffer. Immunoprecipi-
tations were performed as described previously (13, 15). Pro-
teinswere resolved by SDS-PAGE, transferred to nitrocellulose,
immunoblotted with the indicated antibodies, and detected by
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
immunoglobulin (Amersham Biosciences) followed by
enhanced chemiluminescence (PerkinElmer Life Sciences) or
horseradish peroxidase substrate luminol reagent (Millipore).
Cell Adhesion to Fibronectin and Microscopy—10-cm tissue

culture dishes and glass coverslips were coated with 20 �g/ml
fibronectin (Sigma) for 1 h or overnight at 4 °C and thenwashed
with phosphate-buffered saline. BT549 cells were transfected
with control or BCAR3-specific siRNAs as described above.
Cells were grown for 72 h and then trypsinized, counted, and
left in suspension for 90 min in complete growth media con-
taining serum. Suspension cells were then either lysed or plated
onto tissue culture plates and fibronectin-coated coverslips in
complete growth media for the indicated lengths of time. Cells
plated onto coverslips were washed twice in phosphate-buff-
ered saline, fixed with 3% paraformaldehyde for 20 min,
washed, and mounted onto slides. In parallel, cells were plated
immediately following transfection and analyzed 72 h later as
cycling adherent cells. For the c-Src inhibitor studies, dimethyl
sulfoxide (DMSO) or 10 �M SU6656 was added to the cells
during the 90-min suspension and subsequent plating steps.
ImageJ software (National Institutes of Health) was used to cal-
culate cell area using the freehand tracing tool. 100� cells were
counted per time point for at least three independent
experiments.
Densitometry and Statistical Analysis—Densitometry was

performed using the Bio-Rad GS-800 densitometer (Bio-Rad)
and quantified using ImageQuant TL 2005 (Amersham Bio-
sciences). A two-tailed Student’s t test was used for compari-
sons between the various sample sets. Statistical significance
was defined at �95% confidence interval or p value �0.05. Bar
graphs represent the mean � S.D.

RESULTS

Cas/c-Src Interactions Are Required for BCAR3-dependent
Enhancement of Cas-mediated c-Src KinaseActivity—Toassess
the molecular requirements for c-Src activation by Cas and
BCAR3, COS-1 cells were transfected with plasmids encoding
c-Src, Myc-tagged Cas, and/or FLAG-tagged BCAR3. In each
case, plasmids encoding FLAG-tagged cortactin were also
transfected to provide an exogenous substrate for c-Src activity
in the transfected population. Twenty four hours post-transfec-
tion, cells were lysed, and the phosphorylation of cortactin was
examined using phosphotyrosine-specific antibodies. Cells
overexpressing Cas exhibited increased activation of c-Src, as
measured by the increased phosphorylation of cortactin, com-
paredwith cells expressing only vector (Fig. 1A, top panel, lanes
1 and 2). In contrast, no increase in cortactin phosphorylation
was observed when BCAR3 was expressed (Fig. 1A, top panel,
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lane 3). However, when BCAR3 was co-expressed with Cas,
phosphorylation of cortactin was even greater than in the pres-
ence of Cas alone (Fig. 1A, top panel, lane 4). These data con-
firmourprevious finding thatBCAR3expressionenhancesCas-
dependent c-Src activity (13). Similar results were obtained
using paxillin as an exogenous substrate (Fig. 1B, top panel,
lanes 2 and 5), demonstrating that the enhancement in c-Src
substrate phosphorylation observed in the presence of BCAR3
and Cas was not restricted to cortactin.
To determine whether the augmentation of Cas-dependent

c-Src activity by both Cas and BCAR3 required interactions
between Cas and c-Src, a construct of Cas containing three
amino acid substitutions (P642A, Y668F/Y670F) in the c-Src-
binding site (14) was utilized in experiments similar to those
described above. This Cas mutant, termed Cas-TM for “triple
mutant,” is significantly impaired in binding to c-Src (21). As
expected, phosphorylation of the c-Src substrate paxillin was
observed under conditions of Cas overexpression, and this was
increased significantly when both Cas and BCAR3 were co-
overexpressed (Fig. 1B, top panel, lanes 2 and 5). In contrast,
expression of Cas-TM either alone or in combination with
BCAR3 failed to promote paxillin phosphorylation (Fig. 1B, top
panel, lanes 3 and 6). These data indicate that the interaction
between Cas and c-Src is required for both Cas- and BCAR3/
Cas-dependent activation of c-Src.

Loss of Endogenous BCAR3 Expression in Breast Cancer Cells
Attenuates c-Src Activity, Cas Tyrosine Phosphorylation, and
the Association between Cas and c-Src—Although we show
above that Cas and BCAR3 regulate c-Src activity in ectopic
expression systems, these regulatory pathways have not yet
been investigated in the context of endogenously expressed
proteins. Many breast tumors and cancer cell lines that exhibit
aggressive and invasive phenotypes express high levels of Cas,
BCAR3, and c-Src, and these proteins can be found in complex
with one another (see Fig. 2 for endogenous protein complexes
in BT549 cells) (7–9, 21, 29–34). In contrast, cells representa-
tive of earlier stage breast cancers generally express BCAR3 at
very low or undetectable levels, despite the fact that expression
of Cas and c-Src is often high (7–9). This dichotomy provides
an excellent systemwith which to examine the effect of BCAR3
expression on Cas/c-Src interactions and c-Src activity under
physiological conditions.
To determine whether BCAR3 is important for the regula-

tion of c-Src activity in cells expressing high endogenous levels
of this protein, BCAR3 expression was reduced by RNA inter-
ference in BT549 cells. Following transfection with BCAR3-
targeted siRNA oligonucleotides, BCAR3 expression was con-
sistently reduced by 82–99%, asmeasured by densitometry (Fig.
3A, top panel). Depletion of BCAR3 correlated with a concom-
itant reduction in c-Src autophosphorylation at tyrosine 419
(Tyr-419 is the autophosphorylation site on human c-Src,

FIGURE 1. BCAR3 augments Cas-mediated enhancement of c-Src activity.
A, co-overexpression of Cas and BCAR3 enhances Cas-dependent c-Src activity.
COS-1 green monkey kidney cells were transfected with plasmids encoding
wild type c-Src, FLAG-cortactin, pRK5 vector (V), Myc-Cas (C), and/or FLAG-
BCAR3. FLAG immune complexes were generated from cell lysate 24 h post-
transfection and immunoblotted with Tyr(P) and FLAG-specific antibodies
(top two panels). Whole cell lysates were immunoblotted with Myc and FLAG
antibodies (bottom two panels). IP, immunoprecipitation. B, BCAR3 requires
Cas/c-Src binding to augment c-Src activity. COS-1 green monkey kidney cells
were transfected with plasmids encoding wild type c-Src, FLAG-paxillin, pRK5
vector (V), Myc-Cas (C), Myc-Cas-TM (TM), and/or FLAG-BCAR3. Cells were
lysed 24 h post-transfection, and proteins were analyzed as described above.
Data shown are representative of 2– 4 independent experiments.

FIGURE 2. Two distinct pools of Cas exist in BT549 cells. A, Cas and c-Src are
present in a molecular complex. 400 �g of BT549 cell lysate were incubated
with c-Src monoclonal antibody 2-17 (lane 2) or isotype-matched monoclonal
antibody HA.11 as a control (lane 3). Immune complexes were collected and
immunoblotted with the indicated antibodies. For comparison, 20 �g of cell
lysate were immunoblotted (lane 1). The vertical separation indicates different
exposure times between lysate and immunoprecipitation (IP) lanes. B, Cas and
BCAR3 are present in a molecular complex. BCAR3 or control (preimmune
serum) immune complexes were generated as described above from 350 �g
of BT549 cell lysate, collected on protein A-agarose, and immunoblotted with
the indicated antibodies (lanes 2 and 3). For comparison, 30 �g of cell lysate
were immunoblotted (lane 1).
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equivalent to Tyr-416 in chicken), a marker for c-Src activity
(Fig. 3A, 2nd panel and associated graph).
As Cas is a well established c-Src substrate, we next investi-

gated whether the decrease in c-Src activity exhibited by cells
depleted for BCAR3 was accompanied by a loss in tyrosine
phosphorylation of Cas. Cas was immunoprecipitated from
lysates derived from cells treated with control or BCAR3-tar-
geted siRNAs, and the resultant complexes were immuno-
blotted with a Tyr(P) antibody. Cas tyrosine phosphorylation
was reduced by an average of 70% under conditions of BCAR3
knockdown (Fig. 2B). Similar results were obtained when
BCAR3 was depleted using a second pool of four independent
BCAR3-specific siRNAs, confirming that the decrease in Cas
phosphorylationwas due to depletion of BCAR3 (supplemental
Fig. 1, A–C). These results in cycling cells extend our previous
study, which showed a reduction in epidermal growth factor-

dependent Cas tyrosine phosphorylation under conditions of
BCAR3 depletion (9).
Cas is an effective activator of c-Src catalytic activity through

its ability to bind to c-Src and relieve its autoinhibitory confor-
mation (15). We therefore hypothesized that the decreases in
c-Src activity andCas tyrosine phosphorylation observed under
BCAR3-depleted conditions might be the result of a reduction
in c-Src/Cas association. Todeterminewhether thiswas the case,
c-Src was immunoprecipitated from lysates generated from
BT549 cells treated with control or BCAR3-targeted siRNAs,
and the resultant complexes were immunoblotted for Cas. As
expected, Cas was seen to associate with c-Src in cells treated
with nontargeting siRNA oligonucleotides (Fig. 3C, lane 1, and
supplemental Fig. 2A). In cells depleted of BCAR3, c-Src/Cas
association was reduced by �60% (Fig. 3C, lane 2). This result
supports our hypothesis that the observed loss in c-Src activity
is a consequence of decreased Cas association.
Ectopic Expression of BCAR3 in Breast Cancer Cells Induces

c-Src Activity and Cas Tyrosine Phosphorylation—MCF7 cells
express low to undetectable levels of BCAR3 and serve as a
model for early stage breast cancer (8, 9). To examine the effect
of BCAR3 overexpression in this background, MCF7 cell lines
were generated that express BCAR3 under a tetracycline-regu-
lated promoter (Tet-Off). BCAR3 expression can be turned off
in these cells by the addition of 2�g/mlDox (Fig. 4A, top panel).
To determine whether BCAR3 expression alters c-Src activity
in this cell system, c-Src was immunoprecipitated from lysates
and immunoblotted for Tyr-419 phosphorylation. Phosphory-
lation of Tyr-419 was elevated almost 2-fold under conditions
of BCAR3 overexpression (Fig. 4B), demonstrating that BCAR3
is capable of inducing c-Src activity when overexpressed in
breast cancer cells. To determine whether this increase in c-Src
activity correlated with an increase in BCAR3-dependent Cas
phosphorylation, Cas was immunoprecipitated from lysates
isolated from cells grown in the presence (endogenous levels of
BCAR3) or absence (overexpressed BCAR3) of Dox, and the
resultant complexes were immunoblotted with an antibody
recognizing Tyr(P). Indeed, Cas tyrosine phosphorylation was
increased by 3-fold under conditions of BCAR3 overexpression
(Fig. 4C, compare lanes 1 and 3). Because BCAR3 expression in
MCF7 cells has been reported to induce phosphorylation of Cas
on serine residues (8), we confirmed the specificity of theTyr(P)
antibody for phosphotyrosine by preincubating the antibody
with O-phospho-L-tyrosine- or O-phospho-L-serine-conju-
gated bovine serum albumin prior to using it for immunoblot-
ting. The Cas Tyr(P) signal was lost under conditions of prein-
cubation with the Tyr(P), but not the Ser(P), inhibitor
(supplemental Fig. 3). Finally, to test whether the increase in
Cas phosphorylation was directly due to c-Src activity, the cells
were cultured for 24 h in the presence or absence of 10�Mof the
c-Src family kinase inhibitor SU6656 (30). SU6656 treatment of
BCAR3-overexpressing cells reduced overall Cas phosphoryla-
tion and abrogated the BCAR3-dependent increase in Cas
phosphorylation (Fig. 4C, lanes 2 and 4). These data confirm
that the increase inCas phosphorylation in cells overexpressing
BCAR3 is due to increased c-Src activity.
Because enhancement of c-Src activity by BCAR3 in COS-1

cells required an interaction between Cas and c-Src, and given

FIGURE 3. Depletion of BCAR3 in BT549 breast cancer cells disrupts c-Src
activation, Cas phosphorylation, and Cas/c-Src interactions. A, BT549
cells depleted for BCAR3 have decreased c-Src activity. BT549 breast cancer
cells were transfected with nontargeting or BCAR3-specific siRNA duplexes
and grown for 48 h. Whole cell lysate was immunoblotted with the indicated
antibodies. The mean relative Tyr(P)-419 (�-pY419) phosphorylation was
determined from four independent experiments. B, BT549 cells depleted for
BCAR3 have decreased Cas phosphorylation. Cas immune complexes were
generated from 72-h siRNA-treated BT549 cells and immunoblotted with
antibodies specific to Tyr(P) and Cas (top two panels). Cell lysate was immu-
noblotted for BCAR3 to verify loss of BCAR3 expression (bottom panel). The
mean relative Cas phosphorylation was determined from four independent
experiments. C, BT549 cells depleted for BCAR3 have decreased Cas/c-Src
interactions. c-Src immune complexes were generated from 72-h siRNA-
treated BT549 cells and immunoblotted with Cas and c-Src antibodies (top
panel). Whole cell lysate was also immunoblotted with BCAR3 antibodies
(bottom panel). The mean Cas levels in Cas-c-Src immune complexes were
determined from five independent experiments. Two-tailed Student’s t tests
were conducted for comparison between siControl and siBCAR3 samples for
A–C. Bars indicate standard deviation; asterisk indicates significant difference
from the mean at �95% confidence interval. Within all panels, exposure time
is the same; the white vertical lines denote noncontiguous sample lanes.
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the decrease in c-Src/Cas association exhibited by BT549 cells
depleted for BCAR3 (Fig. 3C), we next investigated whether
BCAR3 regulates c-Src/Cas interactions in MCF7 cells. Inter-
estingly, the absolute amount of Cas present in c-Src immune
complexes was not dramatically altered under conditions of
BCAR3 overexpression (Fig. 4D). However, in contrast to con-
trol conditions wheremultiple species of Cas were seen to asso-
ciate with c-Src, virtually all of the Cas in complex with c-Src in
BCAR3-overexpressing MCF7 cells exhibited a retarded elec-
trophoretic mobility (Fig. 4D, lane 2). This slower migrating
form of Cas has been reported previously to represent a highly
phosphorylated species of Cas (12, 29), consistent with the
increase in Cas tyrosine phosphorylation seen in cells overex-
pressing BCAR3 (Fig. 4C). Together with the loss-of-function
studies in BT549 cells described above, these data support a role
for BCAR3 in regulating c-Src activity and Cas tyrosine phos-
phorylation in breast cancer cells via its ability to influence
c-Src/Cas interactions.

BCAR3 Regulates Cell Spreading on Fibronectin and Adhe-
sion-mediatedCas Tyrosine Phosphorylation—Because BCAR3
was found to regulate c-Src activity andCas tyrosine phosphor-
ylation in cycling, continuously adherent cells, we next investi-
gated whether it played a similar role in response to adhesion
and spreading on extracellular matrix, a biological process that
is controlled by Cas and c-Src signaling (31, 35). BT549 cells
were transiently transfected with nontargeting or BCAR3-spe-
cific siRNAs and cultured for 72 h. Cells were trypsinized, left in
suspension for 90 min, and then plated on fibronectin-coated
tissue culture dishes or coverslips for 30–240 min. The area of
cells on the fibronectin-coated coverslips was determined for
each time point as described under “Experimental Procedures.”
At 30min, control cells expressingBCAR3had begun to spread,
and this continued through 240min (Fig. 5,A, top panel, and B,
black bars). BCAR3-depleted cells exhibited delayed adherence
and spreading at all time points compared with control cells
(Fig. 5,A, bottom panel, andB, gray bars). This defect in spread-
ing was also seen using alternate BCAR3 siRNAs, confirming
that the defect in cell spreading was induced by the loss of
BCAR3 expression in these cells (supplemental Fig. 1D).
Because Cas becomes tyrosine-phosphorylated in response

to cell adhesion (18, 29, 35), we next investigated whether
changes in adhesion-dependent Cas phosphorylation coin-
cided with the delay in spreading in BCAR3-depleted cells. Cas
was immunoprecipitated from lysates generated under the
treatment conditions described above and immunoblotted
with a Tyr(P) antibody to measure Cas phosphorylation. Tyro-
sine phosphorylation ofCas in control cells was seen to increase
over time in an adhesion-dependent manner, peaking at 120
min (Fig. 5C, top panel, lanes 1–5). A similar, albeit significantly
reduced, adhesion-dependent increase in Cas phosphorylation
was seen in cells depleted for BCAR3 (Fig. 5C, top panel, lanes
7–11). These differences in phosphorylationwere also observed
in continuously adherent cells grown on fibronectin (Fig. 5C,
top panel, lanes 6 and 12), confirming our earlier observations
in cells plated on plastic (Fig. 3B). These data show that BCAR3
expression is required for efficient adhesion-mediated Cas
phosphorylation as well as cell spreading in BT549 cells.
BCAR3 Regulates Cell Spreading through c-Src-dependent

and -independent Pathways—As BCAR3 was shown to be
involved in c-Src signaling (Fig. 4, B and C), we next investi-
gated whether loss of c-Src activity could be responsible for the
defect in spreading exhibited by cells depleted of BCAR3.
BT549 cells were transiently transfected with nontargeted or
BCAR3-specific siRNAs and cultured for 72 h. Cells were then
trypsinized, left in suspension in the presence or absence of 10
�M SU6656 for 90 min, and then plated on fibronectin-coated
coverslips in the continued presence or absence of SU6656 for
30–240 min. Consistent with our earlier observations, knock-
down of BCAR3 resulted in a significant impairment in spread-
ing compared with control cells at all time points (Fig. 6, A, 1st
and 2nd rows, and B, black and gray bars). If BCAR3 regulates
cell spreading through its ability to enhance c-Src activity, we
reasoned the following: 1) inhibition of c-Src in control cells
should phenocopy BCAR3 knockdown, and 2) the combined
knockdown of BCAR3 and c-Src inhibition should have no
greater effect than either treatment alone. Cells treated with

FIGURE 4. BCAR3 overexpression in MCF7 breast cancer cells increases
c-Src activity and Cas phosphorylation. A, Dox-regulated expression of
BCAR3 in Tet-Off MCF7 cells. MCF7 cells overexpressing BCAR3 under control
of a tetracycline-responsive promoter were grown in the presence or absence
of 2 �g/ml Dox for 72 h. Whole cell lysate was immunoblotted with antibodies
specific to BCAR3 and �-tubulin. B, BCAR3 overexpressing cells exhibit
increased c-Src activation. c-Src immune complexes were generated from
MCF7 cells grown in the presence or absence of 2 �g/ml Dox for 72 h and
immunoblotted with antibodies specific for Tyr(P)-419 and total c-Src. Tyr(P)-
419 was increased by an average of 1.9 � 0.43-fold in three-independent
experiments (p � 0.02). The white vertical line denotes noncontiguous sample
lanes; the exposure times for the �/� Dox samples in each immunoblot is the
same. C, BCAR3-dependent Cas phosphorylation is mediated by Src family
kinases. MCF7-B6 cells grown in the presence or absence of Dox for 48 h were
treated with vehicle (DMSO) or 10 �M SU6656 and grown for an additional
24 h. Cas immune complexes were generated from lysate and immuno-
blotted with antibodies specific to Tyr(P) and Cas (top two panels). Whole cell
lysate was also immunoblotted with BCAR3 antibodies (bottom panel). Cas
phosphorylation increased by an average of 2.9 � 0.64-fold (p � 0.009) in the
presence of overexpressed BCAR3. Data shown are representative of four
independent experiments. D, BCAR3 expression regulates Cas/c-Src interac-
tions. c-Src immune complexes were generated from MCF7 cells grown in the
presence or absence of 2 �g/ml Dox for 72 h and immunoblotted with Cas-
and c-Src-specific antibodies.
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SU6656 did in fact show a delay in spreading, albeit to a lesser
degree than BCAR3-depleted cells (Fig. 6, A, 3rd rows, and 6B,
black striped bars). However, combined BCAR3 knockdown
and SU6656 treatment resulted in a delay in spreading that was
significantly greater than what was observed for either condi-
tion alone (Fig. 6B, gray striped bars).With the caveat that c-Src
inhibition and BCAR3 knockdown may not have been com-
plete, these results suggest that c-Src activity may be only par-
tially required for BCAR3-dependent cell spreading and vice
versa. Moreover, the fact that combined c-Src inhibition and
BCAR3 depletion did not completely abrogate cell spreading
suggests the involvement of additional pathways(s) that may be
independent of both of these molecules.

DISCUSSION

In this study, we present evidence for the regulation and
function of an important signaling network in breast cancer

cells involving three proteins, Cas, c-Src, and BCAR3. Previ-
ously, we showed that the co-overexpression of BCAR3, Cas,
and c-Src induces c-Src activity in untransformedmonkey kid-
ney cells (COS-1) (13). This study expands upon this finding by
demonstrating that, in BT549 and MCF7 breast cancer cell
lines, BCAR3 can regulate c-Src/Cas interactions, c-Src activ-
ity, c-Src-dependent Cas tyrosine phosphorylation, and cell
spreading. Collectively, these studies establish BCAR3 as a
key regulator of signaling events involving Cas and c-Src in
the setting of breast cancer cells and for the first time provide
insight into why breast cancer cells with elevated BCAR3
expression may exhibit more aggressive behaviors.
Molecular Dynamics of the c-Src/Cas/BCAR3 Signaling Axis—

The ability of BCAR3 andCas to regulate c-Src activity provides
a mechanism through which c-Src signaling can be both tem-
porally and spatially controlled within the cell. We postulate
that BCAR3, which helps to localize Cas to membrane-proxi-

FIGURE 5. Loss of BCAR3 expression disrupts cell spreading and adhesion-mediated Cas phosphorylation. A and B, BT549 cells depleted for BCAR3
exhibit decreased cell spreading on fibronectin. BT549 cells were transfected with nontargeting or BCAR3-specific siRNA duplexes and grown for 72 h. Cells
were left in suspension for 90 min and then plated on fibronectin-coated coverslips in complete growth media with 10% fetal bovine serum for the indicated
lengths of time in normal growth media. A coverslip from cycling, adherent cells was also examined. Mean cell area from three independent experiments was
determined by using ImageJ software. Bars indicate standard deviation; asterisk indicates significant difference from the mean at �95% confidence interval.
C, BT549 cells depleted for BCAR3 exhibit decreased adhesion-mediated Cas phosphorylation. BT549 cells were transfected and treated as described above.
Cas immune complexes were generated from lysate and immunoblotted with Tyr(P) and Cas antibodies (top two panels). Whole cell lysate was also immuno-
blotted with antibodies specific to BCAR3 (bottom panel). Data shown are representative of four independent experiments. Within all panels, exposure time is
the same; the white vertical line denotes noncontiguous sample lanes. IP, immunoprecipitation.
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mal sites (8, 9, 13), may enhance Cas-dependent c-Src activity
by bringing Cas into proximity of membrane-bound c-Src (Fig.
7). Subsequent association of Cas with c-Src would then relieve
the autoinhibitory conformation of c-Src, leading to increased
catalytic activity in these regions of the cell. Support for this
model comes from the loss-of-function and gain-of-function
studies presented above, which show that BCAR3 expression

directly impacts c-Src/Cas interac-
tions andCas tyrosine phosphoryla-
tion. Moreover, we show that this is
largely dependent on c-Src activity
because treatment with the c-Src
inhibitor SU6656 blocked the
BCAR3-dependent increase in Cas
phosphorylation (Fig. 4C). Interest-
ingly, it does not appear that c-Src,
Cas, and BCAR3 need to be present
in a single molecular complex to
regulate c-Src activity and func-
tions because BCAR3 was not
detected in c-Src-Cas complexes
(Fig. 2A) and c-Src was similarly
not present in BCAR3-Cas com-
plexes (Fig. 2B). These data sug-
gest that there are two distinct
pools of Cas, one that is associated
with c-Src and one that is associ-
ated with BCAR3. Based on these
findings, we propose that BCAR3
brings Cas into close proximity with
c-Src, where it subsequently pro-
motes association with, and activa-
tion of, this kinase. It is this dynamic
relationship between pools of Cas
that initiates the c-Src/Cas/BCAR3
signaling axis.
Although we propose that the

recruitment of Cas by BCAR3 to
membrane-proximal sites is an
important factor in the activation of
c-Src by BCAR3, it may not be the
sole determinant. Indeed, we previ-
ously showed in rat embryo fibro-
blasts that a carboxyl-terminal dele-
tionmutant of BCAR3 could induce
Cas accumulation at lamellipodia
without promoting Cas-dependent
c-Src activity (13). The carboxyl ter-
minus of BCAR3 has two known
activities that may contribute to its
ability to regulate c-Src activity.
First, it contains the sequences
necessary for Cas binding. How-
ever, although Cas-BCAR3 com-
plexes have been detected in a
number of breast cancer cell lines
(Fig. 2B) (7–9), we showed previ-
ously that BCAR3 was still able to

promote activation of c-Src through a mutant of Cas that
could not bind to BCAR3 (13). Second, the carboxyl termi-
nus of BCAR3 contains sequences shown to be important for
activating a number of small GTPases, including Rap1 (3,
23). Interestingly, constitutively active Rap1 can substitute
for BCAR3 in the activation of c-Src in the COS-1 system
(13).

FIGURE 6. BCAR3 regulates both c-Src-dependent and -independent signaling pathways in response to
adhesion and cell spreading. A, BT549 cells were transfected with nontargeting or BCAR3-specific siRNA
duplexes and grown for 72 h. Cells were left in suspension for 90 min in the presence of DMSO or 10 �M

SU6656 and then plated onto fibronectin-coated coverslips in complete growth media with 10% fetal
bovine serum for the indicated lengths of time in normal growth media with or without SU6656. B, mean
cell area was calculated from four independent experiments. Two-tailed Student’s t tests were conducted
for comparison between the various sample sets. Bars indicate standard deviation. *, #, and ∧ indicate
significant difference from the mean versus control DMSO, control SU6656, and siBCAR3 DMSO, respec-
tively, at �95% confidence interval.
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The regulation of c-Src activity byCas andBCAR3 appears to
be under tight control. Thus, overexpression of BCAR3 to very
high levels in MCF7 cells (�35-fold above the level of BCAR3
endogenously expressed in BT549 cells; data not shown)
resulted in only a modest 2-fold increase in c-Src autophos-
phorylation (Fig. 4B). We propose that the pool of Cas capable
of activating c-Src under these conditions may be a limiting
factor, and any BCAR3 expressed above a certain threshold
would therefore have little added effect. This model is sup-
ported by the finding that the total level of Cas associated with
c-Src was not significantly changed inMCF7 cells overexpress-
ing BCAR3 (Fig. 4D). However, there was a marked qualitative
difference in theCas found in this complex, indicative of a heav-
ily phosphorylatedCas species (8, 12, 29). It is not clear whether
this difference is a cause or an effect of the increased c-Src
activity present under these conditions. Regardless, we predict
that thismodified complex has an increased potential for trans-
ducing signals necessary for adhesion signaling, spreading, and
migration.
As discussed above, the Cas that is found in association with

c-Src in BCAR3-expressingMCF7 cells is exclusively the slower
migrating species, indicative of hyperphosphorylation. Mak-
kinje et al. (8) have recently shown that Cas becomes phosphor-
ylated on serine residues in the presence of BCAR3. Although
these authors failed to detect tyrosine phosphorylation on Cas

bymass spectroscopy in the presence of overexpressed BCAR3,
our studies clearly show that tyrosine phosphorylation of Cas is
elevated as a function of BCAR3 expression in these cells (Fig.
3B and Fig. 4C). We have not evaluated whether serine phos-
phorylation ofCas is also elevated under these conditions in our
system. However, the increased tyrosine phosphorylation on
Cas that was observed as a function of BCAR3 expression in
MCF7 cells coincided with an increase in Cas-Crk complexes
(data not shown), which become established through interac-
tions between the SH2domain of Crk and phosphorylated tyro-
sine residues in the substrate binding domain of Cas (37, 38).
Cas tyrosine phosphorylation has also been reported to be ele-
vated when the BCAR3 family member SHEP1 was constitu-
tively targeted to the membrane, a process that required c-Src
activity (32).
Biological Activities of the c-Src/Cas/BCAR3 Signaling Axis—

The data presented in this study establish that c-Src, Cas, and
BCAR3 function together in a coordinated network when all
three proteins are endogenously expressed in breast cancer
cells. Each of these proteins has been implicated in a wide
variety of cellular processes in breast cancer cells, including
cell proliferation, survival, adhesion signaling, andmigration
(7–9, 22, 36). In this study, we have focused on cell spreading
as a component of adhesion signaling and migration dynam-
ics, processes that, when deregulated, can contribute to
aggressive and invasive tumor phenotypes. We show for the
first time that BCAR3 regulates the kinetics of cell spreading
on fibronectin. Coincident with slower spreading in BCAR3-
depleted cells, Cas tyrosine phosphorylation, but not overall
Cas expression, was reduced. These data suggest that the
regulation of Cas phosphorylation by BCAR3 may contrib-
ute to cell spreading dynamics in cells expressing this mole-
cule. Cas-null mouse embryo fibroblasts show a similar
spreading defect (35), and expression of a construct of Cas
that lacks the heavily phosphorylated substrate binding
domain fails to rescue the spreading and migratory defects
(39). As mentioned above, tyrosine phosphorylation of Cas
within the substrate binding domain provides binding sites
for the small adapter molecule Crk; this interaction in turn
regulates cell adhesion, spreading, and migration through
the activation of the small GTPases Rap1 and Rac1 (37, 38).
Interestingly, enforced expression of BCAR3 in MCF7 cells
mediates an increase in the formation of Cas-Crk complexes
(data not shown), while knockdown of BCAR3 in BT549 cells
results in a reduction in Cas-Crk complexes (9). Cas/Crk
coupling is thus likely to be an important downstream con-
sequence of BCAR3-dependent c-Src activity and Cas phos-
phorylation, which in turn contributes to cell spreading,
migration, and invasion (Fig. 7).
We hypothesize that the regulation of c-Src activity by

BCAR3 contributes in part to the defect in spreading
observed when BCAR3 is depleted from breast cancer cells.
As was the case for BCAR3 depletion, inhibition of c-Src
activity by SU6656 was shown to delay spreading (Fig. 6).
However, modulation of c-Src activity may not be the only
mechanism through which BCAR3 functions to regulate cell
spreading because combined c-Src inhibition and BCAR3
depletion resulted in a significantly greater, albeit modest,

FIGURE 7. Proposed mechanism of BCAR3-mediated enhancement of
c-Src activation, cell spreading, and adhesion. Step 1, cytosolically
localized Cas is recruited to membrane-proximal regions by BCAR3
through an indirect or direct interaction with BCAR3. Once at the mem-
brane (step 2), Cas interacts with and activates c-Src. c-Src activation
results in the phosphorylation of Cas, which leads to the recruitment of
substrate domain binding partners such as Crk (step 3). Step 4, Cas/Crk
interactions activate downstream signaling pathways important for cell
spreading, migration, and invasion. BCAR3-dependent and BCAR3-inde-
pendent c-Src signaling can also activate other signaling pathways impor-
tant for cell proliferation and survival in the presence of antiestrogens.
Step 5, BCAR3 itself activates an unidentified c-Src-independent pathway
important for cell spreading.
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delay in cell spreading relative to c-Src inhibition alone. Sim-
ilarly, it appears from our data that c-Src may function to
control cell spreading through a mechanism that is in part
independent of BCAR3. Finally, pathways independent of
both BCAR3 and c-Src are likely to play some role in con-
trolling this cellular process because combined depletion/
inhibition of these molecules failed to completely block cell
spreading.
Although this study has focused on the role of BCAR3 in Cas

and c-Src signaling during cell spreading, it is important to note
that this signaling axis may also be exploited by breast cancer
cells for other biological activities. For example, both Cas and
BCAR3 induce antiestrogen resistance in estrogen receptor-
positive breast cancer cells (4, 6, 7, 21, 40–42), and Cas and
c-Src play a role in chemoresistance (43, 44). Thus, the expres-
sion of BCAR3 andCas, and the subsequent activation of c-Src-
dependent signaling pathways, may be one mechanism that
drives the oncogenic potential, therapeutic response, and met-
astatic spread of breast tumor cells. Further investigation into
the consequences of BCAR3 and Cas expression and their
effect(s) on c-Src activity may aid in the development of novel
therapeutic strategies for patients whose breast tumors overex-
press these proteins.
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